In a prospective, blind study, we have examined the relationship among the expression of human sperm surface progesterone receptors, the ability to undergo a mannose-stimulated acrosome reaction and the rate of fertilization in vitro. Individual aliquots of motile spermatozoa were surface-labelled with progesterone and/or mannose-fluoresceinated ligands. Spontaneous acrosome loss and the increase in acrosome reactions following exposure of spermatozoa to mannose ligands were assessed using rhodaminated Pisum sativum agglutinin. Progesterone fluoresceinated ligand binding was observed to occur in two patterns: (i) a uniform distribution of labelling over the acrosome cap (pattern II), and (ii) labelling limited to the equatorial and postacrosomal regions of the human sperm head (pattern III). A conversion of pattern II to pattern III binding was observed and was associated with the acrosome reaction. Pattern III binding was highly correlated with both fertilization potential and the ability to undergo a mannose-stimulated acrosome reaction (P < 0.001). In contrast, normal sperm mannose receptor expression was seen in five men whose abnormal progesterone receptor expression/function and inability to acrosome react after mannose treatment were correlated with their reduced fertility in vitro. In conclusion, surface progesterone receptor aggregation enhances the mannose ligand-stimulated acrosome reaction. Such detection of defective sperm surface progesterone receptor expression/function may be useful in the evaluation and management of male infertility.
Introduction
Passage of spermatozoa through the cumulus mass is an obligatory step for fertilization in vivo and in vitro. Progesterone is a major secretory product of the cumulus (Hillensjo et al., 1985) . The mean concentration of progesterone in human preovulatory follicular fluids is 19.0 µmol/l which is at least 50-fold higher than that of blood plasma at the same period (Perret et al., 1985) . Our centre was one of the first to recognize that progesterone could have a physiological role during sperm capacitation or sperm-egg interaction in vivo since the ability of human spermatozoa to penetrate hamster eggs varied depending on the source of patient sera (Margalioth et al., 1988) . Plasma levels of progesterone varied according to the phase of menstrual cycle. Luteal phase sera and sera from pregnant women significantly increased penetration scores while those from the follicular and pre-ovulatory phases did not. Exposure of human spermatozoa to progesterone, but not oestradiol, elicited a similar increase. Thus, the variation between sera was correlated with progesterone in blood plasma.
Subsequent studies have confirmed that the active component in follicular fluid regulating sperm-hamster egg penetration is in fact progesterone (Suarez et al., 1986; Falsetti et al., 1993; Saaranen et al., 1993; Sueldo et al., 1993; Oehninger et al., 1994b) . It is now well recognized that progesterone binds to human spermatozoa and that progesterone-activated responses influence the cascade of events leading to the acrosome reaction and sperm penetration through the zona pellucida (Thomas and Meizel, 1988; Yudin et al., 1988; Osman et al., 1989; Saaranen et al., 1993) . Progesterone has been demonstrated to serve as a sperm chemoattractant (Ralt et al., 1991; VillanuevaDiaz et al., 1995) . Progesterone also stimulates hyperactivated motility (Uhler et al., 1992; Sueldo et al., 1993; Mbizvo, 1995) , calcium ion influx and chloride ion efflux (Sabeur et al., 1996; Tesarik et al., 1996) , plasma membrane depolarization (Calzada et al., 1988; Foresta et al., 1993 Foresta et al., , 1995 and fusion of plasma and outer acrosomal membrane vesicles (Shivaji and Jagannadlam, 1992) . Thus, the ability of human spermatozoa to bind progesterone is one factor which regulates fertilization success.
Human spermatozoa do not express a classical nuclear progesterone receptor (Castilla et al., 1995) . Rather, progesterone exerts its effects on human sperm function via a 'non-nuclear' progesterone receptor (NNPR) located on the head plasma membrane and the response of sperm NNPR to progestins and antiprogestins (respectively, potential 'activators' and 'inhibitors') differs significantly from those of somatic cell genomic progesterone receptors (reviewed in Revelli et al., 1994) . The sperm NNPR is a heterodimer with subunits of molecular masses of 58 and 70 kDa (Wistrom and Meizel, 1993; Benoff et al., 1995; Meizel, 1997) . Recent radiolabelled binding studies suggest these subunits may correspond to high affinity and low affinity binding sites for progesterone (Forti et al., 1997) .
Induction of the acrosome reaction by progesterone involves two waves of calcium influx into human spermatozoa, e.g. a rapid intracellular calcium influx (transient) which is rapid and short-lived, followed by a lower but sustained plateau increase in levels of intracellular free calcium (Tesarik et al., 1996) . From 60 to Ͼ90% of human spermatozoa will exhibit the first calcium transient upon progesterone exposure (Plant et al., 1995; Aitken et al., 1996; Giojalas, 1998) . It is, however, the second sustained calcium elevation which determines whether acrosome loss is observed (Bonaccorsi et al., 1995; Tesarik et al., 1996) . The second wave of calcium influx is only observed in a small fraction (Ͻ15%) of human spermatozoa with normal acrosomes (Osman et al., 1989; Tomiyama et al., 1995; Tesarik et al., 1996) and it is this subpopulation of spermatozoa which express NNPR (Benoff et al., 1995) . Progesterone ligand binding induces NNPR aggregation, which changes the distribution of NNPR in the sperm plasma membrane, initiating the signal transduction cascade leading to the acrosome reaction (Tesarik and Mendoza, 1993; Benoff et al., 1995) . Reaction of NNPR with naturally occurring antisperm antibodies contributes to the acrosome reaction insufficiency observed in immune infertility (Benoff et al., 1995) . However, although defective NNPR expression or function is implied in cases of male infertility where progesterone-evoked responses are reduced (Calvo et al., 1989; Falsetti et al., 1993; MacKenna et al., 1993; Oehninger et al., 1994a; Krausz et al., 1995 Krausz et al., , 1996 , only a single study has examined the use of progesterone ligand binding as a means of assessing sperm fertilizing potential . Therefore, the aim of the present study was to evaluate prospectively the relationship between NNPR expression and fertilization outcome in vitro.
Materials and methods

Media and chemicals
Modified Ham's F-10 medium without hypoxanthine (Catalogue No. 9461) was obtained from Irvine Scientific (Santa Ana, CA, USA). Dulbecco's phosphate buffered saline (DPBS) was obtained from Gibco Laboratories (Grand Island, NY, USA). Unless otherwise noted, all other reagents were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Human semen specimens
All protocols employing human subjects were reviewed and approved by the Institutional Review Board of North Shore University Hospital.
Portions of one to two semen specimens produced for diagnostic purposes prior to an assisted reproductive technology (ART) cycle were obtained from 30 patients in the North Shore University Hospital 534 ART programme. In addition, hormonal profiles [follicle stimulating hormone (FSH), luteinizing hormone (LH) and testosterone] were assessed on 13 men chosen at random from the 30 males studied.
Donors of known fertility (n ϭ 21) participated after giving written informed consent. All specimens from these donors were within the normal range based on World Health Organization (WHO, 1992) criteria.
Experimental design
Analysis of the relationship between NNPR expression/function and the rate of fertilization following conventional in-vitro fertilization (IVF) insemination was performed as part of a larger prospective study examining multiple parameters which potentially could affect IVF fertilization outcome (Benoff, 1997a,c; Hershlag et al., 1997; Hurley et al., 1997) . Three semen samples were obtained from each patient. Samples from individual patients were obtained within a 3 month period. The first two semen samples were evaluated for acrosome morphology, mannose receptor expression, spontaneous and mannose-induced acrosome loss, membrane cholesterol and phospholipid content and metal ion content. Spermatozoa in excess of that required for the aforementioned assays were evaluated for NNPR expression/function. These analyses were completed prior to ART. The entire third semen sample was utilized in an ART cycle. As prior analyses have demonstrated that the molecular parameters examined exhibit insignificant intra-male variation for at least 120 days (Benoff, 1993 (Benoff, , 1997a Benoff et al., 1993b Benoff et al., , 1997c S.Benoff, unpublished observations) , the results of these analyses were compared with ART outcome.
Semen preparation
Preliminary semen evaluation was conducted 2-4 weeks prior to ART. All patients were negative for the presence of IgA and IgG antisperm antibodies, as detected by direct immunobead binding (Bronson et al., 1982) . Antisperm antibodies have been observed to limit mannose receptor expression (Benoff et al., 1993a) and induction of the acrosome reaction by progesterone (Benoff et al., 1995) .
Fresh semen specimens, collected by masturbation after 2-3 days of abstinence, were subjected to routine semen analysis (WHO, 1992) . Spermatozoa were then selected for motility by a 'swim-up' method (Bronson et al., 1982) . Untreated ('fresh' or uncapacitated) spermatozoa were prepared for analysis by centrifugation (500 g for 8 min) to concentrate spermatozoa. To induce capacitation, spermatozoa were pelleted, resuspended at a concentration of 12ϫ10 6 cells/ml in Ham's F-10 containing 30 mg/ml human serum albumin (HSA), delipidated with charcoal to remove any bound progesterone (Chen, 1967; Benoff et al., 1995) , and incubated for 16-20 h at 37°C in 5% CO 2 in air.
Visualization of sperm surface progesterone binding sites Untreated and incubated motile sperm populations were surfacelabelled with 100 µg/ml cell impermeant progesterone 3-(O-carboxymethyl)-oxime:BSA-fluorescein isothiocyanate conjugate (P-FITC-BSA; Sigma No. P8779) in DPBS (without calcium or magnesium) for 15 min at 37°C in 5% CO 2 . Sperm were washed twice with DPBS, resuspended in 50 µl of DPBS, dropped onto 70% isopropanol precleaned slides and stored at 4°C overnight. Cells were not fixed at any time during this procedure. Coverslips were mounted with 50% glycerol in DPBS. Slides were stored at 4°C less than 1 week before scoring. Fluorescence intensity or topography were not significantly changed during this 1 week storage period nor was any degeneration of cells observed. Coded slides were examined at ϫ400 to ϫ600 magnification with an Olympus microscope (Olympus Corp., Lake Success, NY, USA) equipped with epifluorescence optics and photographed on 35 mm/400 ASA black and white film (Eastman Kodak Co., Rochester, NY, USA). Spermatozoa were scored as pattern I if no P-FITC-BSA binding was observed on the sperm head, as pattern II if the acrosomal cap was uniformly labelled or as pattern III if only the equatorial and post-acrosomal regions of the sperm head were labelled (Benoff et al., 1995) . Typical results are presented in Figure 1A ,B. At least 300 spermatozoa in 10-20 microscopic fields were scored for P-FITC-BSA binding.
Initial labelling studies were performed with 25 µg/ml P-FITC-BSA. The fluorescence emission of sperm binding P-FITC-BSA at this concentration was weak. The percentages of spermatozoa from men exhibiting normal rates of fertilization in IVF which bound P-FITC-BSA at 25 µg/ml were not significantly different from the percentages of spermatozoa from fertile donors exhibiting headdirected binding after surface labelling in the presence of 100 µg/ml P-FITC-BSA (respectively, n ϭ 10, 18.85 Ϯ 7.58% versus n ϭ 21, 19.40 Ϯ 6.60%, P ϭ 0.838, not significant) (see Benoff et al., 1995) . Similar findings have been reported by other laboratories (e.g. see . Therefore, the remainder of cases were analysed after exposure to 100 µg/ml P-FITC-BSA. As predicted, among patient specimens that exhibited normal rates of fertilization in vitro, the combined data from the two P-FITC-BSA concentrations employed (n ϭ 23, 14.27 Ϯ 7.78%) were consistent with initial findings with the lower concentration alone (P ϭ 0.133, not significant).
To ensure specificity of P-FITC-BSA binding on the human sperm head, control reactions were performed using 100 µg/ml FITC-BSA in place of P-FITC-BSA (Benoff et al., 1995) . Under conditions in which calcium is absent, FITC-BSA does not label human sperm heads (Figure 1C,D; Benoff et al., 1993b) .
Visualization of sperm surface D-mannose binding sites
Motile sperm populations were surface-labelled with 100 µg/ml FITCconjugated mannosylated BSA (Man-FITC-BSA; Sigma No. A7790) in a calcium-supplemented buffer, washed in calcium-free buffer and scored as described previously (Benoff et al., 1993b) .
Induction of the acrosome reaction
To induce acrosome loss, capacitated motile sperm populations were surface labelled with 100 µg/ml Man-FITC-BSA in a calciumcontaining buffer supplemented with 75 mM D-mannose monosaccharide (Benoff et al., 1993c (Benoff et al., , 1995 (Benoff et al., , 1996 . Prolonged exposure to 100 µg/ml Man-FITC-BSA is sufficient to induce an acrosome reaction. The presence of 75 mM D-mannose, however, accelerates the rate at which the acrosome reaction is observed . The level of spontaneous acrosome loss was determined in duplicate control aliquots in which the surface labelling reaction was performed in the absence of added D-mannose monosaccharide .
Evaluation of acrosome status
Control and mannose monosaccharide-challenged sperm populations were ethanol-permeabilized and air-dried onto microscope slides. The slides were stained with 100 µg/ml rhodamine-labelled Pisum sativum agglutinin (RITC-PSA; Vector Laboratories, Inc., Burlingame, CA, USA) following the protocol of Cross et al. (1986) and scored for the presence or absence of acrosome content as previously described (Benoff et al., 1993b) .
Clinical protocols
All female patients were down-regulated in the luteal phase with leuprolide acetate (75 IU, Lupron; Tap Pharmaceuticals, Chicago, IL, USA) and stimulated with a combination of pure FSH (75 IU, Metrodin; Serono Laboratories, Randolph, MA, USA) and human 535 menopausal gonadotropin (HMG, Pergonal; Serono). The average patient received the following gonadotropin dosage: four ampoules/ day for 3 days, then 3 ampoules/day for 2 days, and then 2 ampoules/ day for 5 days for a total of 28 ampoules. Human chorionic gonadotrophin (HCG, Pregnyl; Serono), 10 000 units, was given when a minimum of two follicles reached an average diameter of 17 mm as determined by transvaginal ultrasonography. Transvaginal oocyte retrieval was performed 34 h post-HCG administration.
A standard semen analysis was performed manually, at the time of egg retrieval, following liquefaction (WHO, 1992) . The head morphology of swim-up spermatozoa was assessed as a wet mount, following phenol fixation, under phase-contrast optics at ϫ400 to ϫ600 magnification by two independent observers. Our evaluation concentrated on acrosome morphology, and spermatozoa were classified as acrosome-deficient spermatozoa if Ͻ50% of their heads were covered by the acrosome.
The number of spermatozoa used for insemination per oocyte was modified based on acrosome morphology so that oocytes were exposed to at least 25 000 spermatozoa with normal oval morphology with the acrosome covering 50% of the head surface (range 0.05-1.5 ϫ10 6 spermatozoa/oocyte/ml). Only metaphase II oocytes were inseminated. Fertilization rates were defined by the ratio between oocytes that developed into normal, two-pronuclear embryos 16-18 h after insemination and the total number of mature oocytes.
Statistical analyses
All statistical analyses were performed with the SAS/PC software package (SAS Institute, Inc., Cary, NC, USA). Statistical significance was set at P Ͻ 0.05. Summary statistics are presented in Tables I-III 
Results
Relationship between expression of sperm surface NNPR and fertilization outcome following conventional ART inseminations
After optimizing for sperm acrosome morphology and head shape, we achieved a mean fertilization rate of metaphase II oocytes of 85.2 Ϯ 11.1% by conventional insemination in 95 consecutive ART cycles. Fertilization rates were assumed to be normally distributed, meaning that the rate for the majority of cases would fall within 2 SD of the mean. Therefore, cases with fertilization rates Ͼ2 SD below the mean (e.g. Ͻ63%) were considered as reduced fertilization. Approximately 20% of our cases fell into this category (Benoff et al., 1997c) . The endocrine profiles (FSH, LH and testosterone) of patients with normal fertilization and those with low fertilization were all within the normal reference range.
During the preliminary semen evaluations, specimens from 30 men were randomly selected for analysis of sperm surface NNPR expression. P-FITC-BSA binding was assessed in both fresh and capacitated sperm aliquots. Non-nuclear progesterone receptors are present at all times at the surface of the sperm head, but are masked by coating factors in fresh ejaculate (Benoff et al., 1995) . During capacitation, these receptors become accessible to the ligand for binding. Thus the relative fraction increase (the percentage of sperm binding P-FITC-BSA observed for an incubated sample minus the percentage binding P-FITC-BSA in the fresh sample divided by the value for the incubated sample) in progesterone ligand binding was calculated for each case. AR ϭ acrosome reaction; P ϭ progesterone; NS ϭ not significant. ജ63% fertilization ϭ normal fertilization group; Ͻ63% fertilization ϭ reduced fertilization group.
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To date, 28 out of the 30 couples tested have completed an ART cycle; 23 couples exhibited normal fertilization rates and five exhibited reduced or failed fertilization. It is unlikely that the age of the female partner was contributory to the cases of reduced or failed fertilization. The mean age for females of the normal fertilization group was 33.8 Ϯ 3.4 years (range 29-42 years) while that of the reduced fertilization group was 35.2 Ϯ 1.6 years (range 34-38 years); these were not significantly different (t-test, P ϭ 0.4, not significant).
The relative distribution between cases of normal and reduced fertilization indicates that the 28 men analysed were representative of our ART patient population as a whole. The percentages of incubated sperm binding P-FITC-BSA in patterns II ϩ III in specimens from the normal fertilization group were lower than that observed in specimens from fertile donors (Table II) , confirming prior observations that biochemical characteristics of ART fertile spermatozoa and spermatozoa from fertile donors differ significantly (Benoff et al., 1997c) . In specimens from the normal fertilization group, the percentages of sperm binding P-FITC-BSA increased from 1.86 Ϯ 1.44% (range 0.2-5.91%) in the fresh isolate to 14.27 Ϯ 7.78% (range 4.22-34.59%) after overnight incubation. Similarly, the percentages of spermatozoa exhibiting patterns II ϩ III P-FITC-BSA binding in specimens from the group with reduced fertilization increased on incubation from 1.07 Ϯ 0.47% to 7.56 Ϯ 9.95% (range 1.11-22.36%). The mean values observed for patterns II ϩ III P-FITC-BSA binding between the two groups were similar (t-test: untreated and incubated, respectively, P ϭ 0.246 and P ϭ 0.158, not significant). Consistent with these findings, only a small correlation was detected between fertilization rate and the relative increase in the total percentages of spermatozoa binding P-FITC-BSA on incubation (patterns II ϩ III combined) ( Table  I ). The mean relative increase in the percentages of spermatozoa binding P-FITC-BSA for the normal fertilization group and the group with reduced or failed fertilization, however, differed significantly (Table II) . Identification of a cut-off or threshold value to predict sperm fertilizing ability was complicated by the fact that the range of values obtained for the group with reduced fertilization overlapped the range for those with normal fertilization (Table II) . Despite this overlap, linear analyses of semen specimens from individual patients, when possible (n ϭ 6), indicated that there was very little intra-male variation in the percentages of sperm binding P-FITC-BSA (mean variation 13.8%). The latter is consistent with findings from a single fertile donor (11; 6.2% variation in 1 year in 10 samples from one donor; S.Benoff, unpublished observations).
An attempt was made to identify a measure which would more readily discriminate between the two groups with different prognosis in ART. P-FITC-BSA binding in pattern II is only observed on acrosome-intact spermatozoa (Benoff et al., 1995) . Therefore, the relationship between treatment outcome and the relative increase in pattern II P-FITC-BSA binding on incubation was examined. As above, the mean values for the normal fertilization group and the group with reduced fertilization differed significantly (Table II) . Again as above, there was considerable overlap in the range of values for the two groups (Table II) which resulted in only a weak correlation between the rate of fertilization in ART and this parameter ( Table I) .
The relationship between fertilization rates and the relative increase in sperm binding P-FITC-BSA in pattern III was also examined. In contrast to pattern II or patterns II ϩ III P-FITC-BSA binding, pattern III P-FITC-BSA binding and fertilization outcome were highly correlated in all patients studied (P Ͻ 0.0001; Table I and Figure 2A ). The strength of this relationship is emphasized by the fact that the mean values for the relative increase in pattern III P-FITC-BSA binding for the normal fertilization group and the reduced fertilization group differed significantly and, more importantly, the range of values for the two groups did not overlap (Table II) . These differences cannot be attributed to changes in viabilities between the two groups, e.g. a mean value of 77.3 Ϯ 20.2% and 75 Ϯ 25.4% was observed, respectively, for the fertile group and the infertile group (t-test, P ϭ 0.8, not significant).
A threshold value of ജ0.3 in the relative increase on incubation in sperm binding P-FITC-BSA in pattern III to predict normal fertilization was identified by receiver operating characterisitic (ROC) curve analysis (Figure 2A) . This threshold has a calculated sensitivity of 100% [95% exact binomial confidence interval (CI) 83.15-100%], a specificity of 80% .50%), a positive predictive value of 95.24% .88%) and a negative predictive value of 100% . With regard to this threshold value, we must note that complete failure of fertilization has only been observed in~3% of all IVF cycles performed at our centre (Benoff et al., 1993c (Benoff et al., , 1997c A.Hershlag and S.Benoff, unpublished observations) while reduced fertilization (e.g. Ͻ63%) has been observed in~25% of patients (Benoff et al., 1997c) . We were not able to include specimens from cases of failed fertilization in the current study; fertilization rates among the subpopulation sampled ranged from 11.1 to 100%. Thus, the threshold value of ജ0.3 for the relative increase in pattern III P-FITC-BSA binding following capacitating incubations permits the identification of cases which will exhibit reduced fertilization. Based on our prior experience, however, this group should include cases which will exhibit no fertilization (Benoff et al., 1997c) .
Relationship between sperm surface NNPR expression and the ability of spermatozoa to undergo an acrosome reaction following mannose challenge
In the 28 ART cases studied, the rate of fertilization and the fraction increase in acrosome loss following a mannose challenge of capacitated motile spermatozoa (total acrosome loss minus spontaneous acrosome loss/total acrosome loss) were highly correlated (Table I and Figure 2B ). This finding is consistent with the results of a previous study (Benoff et al., 1997c) .
Fluorescence probes for sperm surface NNPR and for mannose binding sites are only commercially available as fluorescein conjugates. Thus, double labelling experiments with Man-FITC-BSA and P-FITC-BSA were not possible to perform. Therefore, the relationship between NNPR expression and fractional increase in mannose-stimulated acrosome loss was examined in separate aliquots from the same specimens (Table I) . AR ϭ acrosome reaction. from the 28 males undergoing ART. A weak relationship was detected between the relative increase in sperm binding P-FITC-BSA (patterns II ϩ III combined) and mannose-induced acrosome loss (Table I) . When the fractional increase in P-FITC-BSA binding was divided into its two topographical distributions on the sperm surface, it was determined that the increase in pattern II P-FITC-BSA binding showed no relationship to the acrosome response of motile sperm populations to mannose challenge (Table I) . In contrast, a strong positive correlation was detected between the relative increase in sperm binding P-FITC-BSA in pattern III and the ability to undergo an acrosome reaction following mannose challenge (Table I ). The specificity of this relationship is evidenced by the fact that the relative increase on incubation in pattern III Figure 3 . Scatter diagram of acrosome loss stimulated by two agonists in duplicate aliquots of capacitated motile sperm from 28 men. In a prior study (Benoff et al., 1995) , we demonstrated that (i) in direct analyses, the percentages of capacitated spermatozoa undergoing progesterone-stimulated and mannose-stimulated acrosome reactions were equivalent, (ii) the same population of sperm responds to mannose and progesterone and (iii) 50% of spermatozoa binding progesterone 3-(O-carboxymethyl)-oxime:BSA-fluorescein isothiocynate conjugate (P-FITC-BSA) in pattern III were acrosome reacted. In the current study, we have not directly measured acrosome loss after progesterone ligand exposure, rather we have assumed that 50% of spermatozoa binding P-FITC-BSA in pattern III were acrosome reacted. The regression line in the figure indicates that there is a 1:1 correspondence between the estimated fraction of sperm undergoing a progesterone-stimulated acrosome reaction and the fraction of spermatozoa undergoing a mannose-stimulated acrosome reaction directly quantified by rhodamine-labelled Pisum sativum agglutinin binding. AR ϭ acrosome reaction. P-FITC-BSA was not related to spontaneous acrosome loss or to sperm motility (Table I) .
Our prior studies indicated that~one-half of all sperm binding P-FITC-BSA in pattern III have undergone an acrosome reaction (Benoff et al., 1995) . The acrosome reaction is a very rapid response to P-FITC-BSA binding (Benoff et al., 1995) . Sperm surface labelling with P-FITC-BSA was performed in DPBS which is devoid of calcium. Nevertheless, it was not unexpected that progesterone exposure induced the human sperm acrosome reaction under such conditions. Prior studies have established that progesterone acts via calciumdependent and calcium-independent mechanisms (Bielfeld et al., 1994; Tomiyama et al., 1995; O'Toole et al., 1996) . In the latter case, serine/threonine protein kinases are thought to be part of the second messenger cascade activated by progesterone ligand binding (Rotem et al., 1992; Biefeld et al., 1994; Tomiyama et al., 1995; Parinaud and Milhet, 1996) . Therefore, due to the limited availability of samples and our previous findings that the P-FITC-BSA estimates were an accurate reflection of the directly measured acrosome reaction, we feel confident that we can use the estimate as an accurate proxy for direct measurements. Therefore, we have used this value to estimate the percentages of spermatozoa undergoing a progesterone-stimulated acrosome reaction in patient samples (mean 15.65 Ϯ 8.35%; range 0-25%). This value was compared with the percentages of spermatozoa undergoing an acrosome reaction following mannose challenge (14.20 Ϯ 7.60%; range 0-26.8%). A 1:1 correspondence between these two parameters was detected in all specimens (Table III and Figure 3) .
Only low levels of progesterone-and mannose-stimulated acrosome loss were observed in specimens from all five males who exhibited reduced fertilization rates in ART ( Figure  2B ). In two cases, the percentages of incubated spermatozoa expressing NNPR (patterns II ϩ III P-FITC-BSA binding) were Ͼ20% and were indistinguishable from those of fertile donors. In the three remaining cases, NNPR expression was markedly reduced, e.g. Ͻ5% of incubated spermatozoa exhibited P-FITC-BSA binding. In contrast, all five specimens exhibited expression of mannose receptors at levels equivalent to those of fertile donors (not shown). These data suggest that defective NNPR expression/function can be a primary cause of human male infertility.
Discussion
In cases of unexplained or male factor infertility, fertilization failure following conventional insemination in vitro is frequently observed (Winston and Handyside, 1993) . We (Hershlag et al., 1991; S.Benoff, G.W.Cooper, A.Hershlag, unpublished observations) and others (e.g. Menkveld et al. 1996) have observed that, of all semen parameters, normal acrosome morphology exhibits the strongest relationship to fertilization outcome. In the majority of cases where semen contains large numbers of spermatozoa with small acrosomes, normal rates of fertilization can be attained by increasing the numbers of spermatozoa in the inseminate so that oocytes are exposed to a threshold number of spermatozoa with normal acrosomes. In those cases that exhibit reduced or failed fertilization despite dose-compensated ART inseminations, however, biochemical alterations in sperm function co-exist (e.g. Benoff et al., 1996 Benoff et al., , 1997c .
Progesterone can be used to identify some cases with biochemical defects in sperm function and may also be of use in sperm treatment prior to ART. For example, progesteronestimulated increases in intracellular calcium and acrosome reactions have been observed to be lower in spermatozoa from men with oligozoospermia and/or teratozoospermia than in fertile controls (Calvo et al., 1989; Falsetti et al., 1993; Oehninger et al., 1994a; Krausz et al., 1995) . The decreased ability to undergo a progesterone-stimulated acrosome reaction can be similarly employed to detect cases of occult male factor infertility (Calvo et al., 1989) . Progesterone pretreatment of sperm populations which display levels of spontaneous acrosome loss considerably lower than fertile controls has been shown to increase sperm-zona penetration and spermoocyte penetration in IVF (Oehninger et al., 1994b) and pregnancy rates following intrauterine insemination (Blumenfeld and Nahhas, 1989) . This enhancement of sperm function following progesterone exposure has been attributed to an increase in sperm intracytoplasmic free calcium (Emiliozzi et al., 1996) .
Prior studies indicated that only acrosome-intact human spermatozoa bind to the human zona pellucida (Liu and Baker, 1990) and that spermatozoa binding P-FITC-BSA in pattern II are acrosome-intact (Benoff et al., 1995) . That incubationassociated increases in the percentages of spermatozoa binding P-FITC-BSA in pattern II showed only a weak or limited relationship with the rate of fertilization was somewhat unexpected. Nevertheless, this finding is consistent with another report that progesterone exposure has no effect on sperm-zona pellucida binding (Oehninger et al., 1994b) . In contrast, it has been postulated that progesterone co-operates with the zona pellucida to regulate the physiological acrosome reaction (Benoff et al., 1995; ESHRE Andrology Special Interest Group, 1996) . This postulate is derived from the facts that (i) progesterone, by itself, may not induce an acrosome reaction (Uhler et al., 1992; Carver-Ward et al., 1996; Emiliozzi et al., 1996) and (ii) progesterone exposure enhances the ability of human spermatozoa to undergo the zona pellucida-induced acrosome reaction (Sueldo, 1993; Oehninger et al., 1994b) or an acrosome reaction stimulated by model zona ligands containing mannose (Benoff et al., 1995) . In addition, exposure of human spermatozoa to human oviductal fluid, which is considered to be the best mimic of the physiological conditions that spermatozoa encounter while resident in the female reproductive tract (Barratt and Hornby, 1995) and which prolongs sperm survival (Zhu et al., 1994a) , results in an inhibition of progesterone-stimulated acrosome loss (Zhu et al., 1994b) . This 'protective' action of oviductal fluid has been attributed to the existence of a protein which selectively binds to the head region of human spermatozoa (Lippes and Wagh, 1989; Zhu et al., 1994b) . Nevertheless, it is clear that aggregation of the sperm surface NNPR and coalescence of these receptor complexes to the equatorial region is an early event in the signal transduction pathway leading to acrosome exocytosis following progesterone binding (Tesarik and Mendoza, 1993; Benoff et al., 1995) . Consistent with these observations, we now report that these two events are highly correlated with fertilizing potential. Thus, the mechanism by which progesterone exposure 'primes' human spermatozoa to undergo an acrosome reaction following binding to zona ligands containing mannose must here be explored.
Recent studies suggest that progesterone acts via a gammaaminobutyric acid (GABA) receptor to regulate sperm motility and to induce the acrosome reaction (Calogero et al., 1996; Shi et al., 1997) . The effects of progesterone on sperm kinematics and the acrosome reaction appear, however, to be separable (Zhu et al., 1994b; Calogero et al., 1996) . That the effects of progesterone and GABA on acrosome loss are additive suggests that progesterone stimulation of calcium influx may not be due to interaction with the GABA receptor (Aitken et al., 1996; Calogero et al., 1996) . Progesterone has been linked to at least three separate receptors on the human sperm surface, e.g. one linked to a chloride channel, one linked to a voltage-dependent calcium channel and a receptor tyrosine kinase (Mendoza et al., 1995; O'Toole et al., 1996; Sabeur et al., 1996) .
We have previously demonstrated that mannose receptors and NNPR are co-expressed on the surface plasma membrane of a subpopulation of capacitated motile spermatozoa that are able to undergo an agonist-induced acrosome reaction (Benoff et al., 1995) . Recent data indicate that human sperm mannose receptors are directly linked to sperm head voltage-dependent calcium channels, whereas the relationship between such channels and progesterone appears to be indirect (reviewed by Benoff, 1997b Benoff, , 1998 . Progesterone must first activate a monovalent cation channel (Foresta et al., 1993; O'Toole et al., 1996) , which our preliminary data suggest is a voltage-gated potassium channel that is activated by NNPR aggregation (Jacob et al., 1998) . It is likely that the initial calcium transient response to progesterone exposure results from activation of this channel. We postulate that the 'priming' action of progesterone is derived from these calcium transients for three reasons. First, calcium transients can be sequentially generated in spermatozoa which do not undergo an acrosome reaction (Aitken et al., 1996) . Second, intracellular calcium levels do not return to the previous baseline after progesterone stimulation, but rather remain elevated and increase slowly (Brucker et al., 1994) . Third, a calcium transient is sufficient to stimulate a series of events leading to activation of voltage-dependent calcium channels in mammalian spermatozoa (Breitbart and Spungin, 1997) .
In the infertile men in the current study, normal mannose receptor expression was observed. Their infertility was specifically correlated with reduced NNPR expression or reduced NNPR aggregation. These data provide evidence for heterogeneity in NNPR expression in infertile men. More importantly, these data emphasize that no single assay can predict the outcome of IVF in all cases (Benoff et al., 1996; ESHRE Andrology Special Interest Group, 1996) . Analysis of progesterone ligand binding or the ability to undergo progesteronestimulated acrosome reaction can detect defects that render spermatozoa infertile even when assays of mannose receptor expression give 'normal' results.
It has been reported that a single failure to fertilize in vitro in couples with male factor infertility does not seem to predict future failures in IVF (Ben-Shlomo et al., 1992; Lipitz et al., 1993) . In these reports, the studied group of infertility patients exhibited fertilization rates that were lower than that is normally observed in the clinical IVF practice of the authors. The overall fertilization rate for their practice is also low and the fertilization failure is as high as 10-20%. Thus, it is evident that the IVF failure in this group of infertility patients is due in part to technical problems associated with conventional insemination at their clinic. In contrast, in our programme, the mean fertilization rate is high (85.2%) and the complete fertilization failure rate is as low as 2-3%. Of the IVF cycles that are repeated, fertilization failure due to male factor infertility persists (Benoff et al., 1993c) , suggesting that the IVF failures observed in our ART programme can be attributed to underlying defects in sperm function rather than technical problems associated with oocyte retrieval and conventional insemination. Therefore, our data suggest that normozoospermic men with defective NNPR expression/function may constitute a new class of human male infertility. A threshold value of 0.3 for the fractional increase in spermatozoa with NNPR clustered in the equatorial segment discriminates between fertile sperm populations and those exhibiting reduced or failed fertilizations. We recognize that this threshold value may be subject to change if a larger sample were to be analysed (e.g. compare data from Krausz et al., 1995 with Krausz et al., 1996 . Nevertheless, despite the small sample size (n ϭ 28) of the current study, we were able to draw statistical conclu-540 sions, i.e. we found significant differences in this small sample. Thus, this correlation of NNPR function and IVF outcome can be used to plan strategies to achieve normal rates of fertilization in vitro by assigning males to conventional insemination or intracytoplasmic sperm injection.
